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ABSTRACT  
 
Organization and variability are core concepts in evolutionary biology. Nature is 
variable, but also highly organized, and this organization is both a consequence and a 
causality of the evolutionary process. In order to analyze the evolution of phenotypes, 
the organizational properties of the system studied have to be considered. Here, we 
analyze under this perspective the evolution in salamanders of a new reproductive 
strategy, viviparity. We have undertaken distinct approaches to characterize the 
generation of the novelty at different organizational levels (genes, cells, organism, 
populations). We highlight the necessity of integrative research programs to account 
for the complex, dynamic, and hierarchical nature of the evolutionary process. 
 
 
1. BACKGROUND 
 
One of the most fascinating characteristics of natural systems such as cells, 
organisms, populations, and ecosystems, is organization. Elements within 
these systems are structurally and functionally integrated, and the nature 
and origin of the organization has been of longstanding interest for natural 
scientists. Organisms, for instance, are highly organized entities, and this 
organization is expressed both internally and externally (1). Internally, there 
is a strong structural and functional relation among all the parts forming the 
organism (e.g., molecules, cells, tissues and organs). This organization 
takes form during development, from the unicellular zygote to the multi-
cellular adult. Externally, organisms are also organized in functional units, 
such as in populations, demes and societies. We can also define structural 
units, which would be derived from the genealogical link among individuals. 
These externally organized structural units would correspond, for example, 
to evolutionary lineages (species). The genealogical nature of the elements 
forming natural systems (cellular lineages or organism lineages, for 
  
instance) promotes their hierarchical organization. Hierarchies are a 
recurrent way to organize complexity in nature. 
Just as organization is a ubiquitous characteristic of natural systems, 
so is variability. Variations are pervasive in nature. No two individuals are 
the same, and the diversity in phenotypes (body plans, sizes, colors and 
shapes) is paralleled by variants in behaviors and functions. Furthermore, 
this variability is found at all levels of biological organization: between 
species, between individuals of the same species, and within individuals 
(e.g., asymmetries, distinct cellular lineages, or allelic variants), to name a 
few. These variants are necessary since, although highly organized, natural 
systems are also highly dynamic. Dynamism is a fundamental property 
given that natural systems do not occur within fixed frameworks but against 
constantly shifting backgrounds. Organisms, for instance, are continually 
challenged by a changing environment, which includes abiotic and biotic 
factors (e.g., climate, predators). Individuals respond to this challenge by 
acclimating themselves to the new conditions. In the long term and as a 
consequence of this challenge, adaptations may evolve in populations by 
natural selection. Variations provide the raw material for natural selection to 
work with. 
The structural and functional organization observed in natural 
systems is not accidental: organization in nature is a consequence of the 
evolutionary process. During the last four billion years, endless rounds of 
generation and sorting of variants, together with the compilation, replication, 
and transmission of the information to successive generations, have led to 
the organized biota on Earth. The genealogical nature of the relationships 
among elements in natural systems, together with the functional and 
structural relations distilled from the processes of adaptation through natural 
selection of variants, are responsible for the organizational patterns 
observed in nature. 
The study of the evolution of phenotypes and adaptations is a central 
theme in evolutionary biology. The two core concepts, organization and 
variation, orbit this central theme. Given the organizational properties of 
natural systems, the evolution of new phenotypic characters and 
adaptations involve changes and interactions across all levels of the 
biological organization. In order to understand the evolution of phenotypes 
and adaptations, it is necessary to understand how phenotypic characters 
are generated and expressed at different levels of the biological 
organization. In particular, understanding how variability arises and is sorted 
at the different levels of the hierarchy, the mechanisms that generate this 
variability, and how variability is related among levels are key components of 
this research.  
Traditionally, the importance of natural selection as the primary 
causal agent in evolution has been highlighted. Mutation as the raw source 
of variants, and natural selection as the evolutionary force driving the 
fixation of the novelty, have been considered as a sufficient explanatory 
framework to analyze the evolution of phenotypes in nature. More recently, 
however, there has been a renewed interest in studying the mechanistic 
processes that generate phenotypes, emphasizing the role of these 
generative rules as internal causal actors in evolution. In this latter 
approach, organization is not just viewed as an inherent consequence of 
  
evolution; rather, organizational patterns profoundly influence further 
evolution. 
Patterns of reproduction in salamanders are rather diverse (see 
below), including oviparous and viviparous species, direct developers and 
paedomorphic forms, among others. However, this variability is not 
randomly and evenly distributed across the phylogeny: while paedomorphic 
forms can be found within most of the lineages, viviparity is restricted to a 
few species within one family (Salamandridae), and direct developers are 
only present in Plethodontidae, which accounts for almost two-thirds of all 
the species of salamanders. Understanding how these patterns of variability 
have evolved and how the different reproductive phenotypes have 
themselves evolved, therefore, requires approaches that span a broad 
range of temporal and spatial scales, including the analysis of the history of 
the characters under a systematic and comparative perspective, the study of 
the mechanistic processes that generate the characters and their variability 
at the different levels of organization, and the inference of external selective 
forces that have fine-tuned the performance of the characters and permitted 
their eventual fixation in populations (2). We have been following this kind of 
hierarchical and integrative approach to study the evolution of reproductive 
modes in salamanders (Amphibia, Caudata). 
In the following sections, we first provide some background on the 
patterns of reproduction in salamanders. Second, we describe the system 
chosen to address the evolution of reproductive strategies in urodeles, the 
fire salamander Salamandra salamandra. We then summarize the different 
approaches we have taken, as well as ongoing and future research lines. 
Answers to evolutionary questions are seldom simple, and adopting a 
pluralistic and integrative approach helps to disentangle the complexity and 
hierarchical nature of the evolutionary process. 
 
2. REPRODUCTION IN CAUDATA 
 
Amphibians possess complex life cycles, usually beginning with the release 
in water of unattended eggs that will be fertilized by the males, followed by 
the hatching of free-living aquatic larvae that metamorphose into terrestrial 
adults (3). The standard oviparous biphasic life cycle, however, has been 
modified repeatedly in the three orders of Amphibians [frogs and toads 
(Anura), caecilans (Gymnophiona), and salamanders (Caudata)]. In 
salamanders, for instance, the suborder Salamandroidea, comprising seven 
out of the ten families of salamanders and around 90% of all the species of 
salamanders, presents internal fertilization. Among them, we find species 
with the ‘standard’ oviparous life cycle (eggs laid in water, hatching of 
aquatic larvae, and metamorphosis before the terrestrial stage), together 
with paedomorphic forms (larval forms reaching sexual maturity; no 
metamorphosis), direct developers (larval stage is lacking; adult structures 
form directly from the embryo), and viviparous species. 
Viviparity is defined by the retention of the developing young within 
the females’ genital tract. Females will give birth, thus, to fully formed 
terrestrial juveniles. Furthermore, mothers supply the growing embryos with 
some nutrients in addition to the yolk provision of the eggs (4). Viviparity is 
an uncommon phenomenon in Caudata. It has evolved independently in 
  
only a few species of salamanders, all within Salamandridae (Fig. 1). 
Twenty-one genera and 81 species are recognized in the family 
(AmphibiaWeb, http://amphibiaweb.org/, July 2009). Viviparity occurs in all 
the species within Lyciasalamandra, in Salamandra atra, in S. lanzai, and in 
some populations of S. salamandra. Also, it has been suggested that 
viviparity occurs in S. algira, although little is known about the physiological 
characteristics of live bearing in this species.  
The physiology of viviparity differs in salamandrids. For instance, 
gestation in S. atra is extended up to 3 or 4 years. Females produce only 
two juveniles. Only one egg is fertilized in each oviduct and the unfertilized 
eggs serve as nutrients for the developing embryos. Furthermore, the 
mothers also supply the embryos with a nutritious material secreted in the 
uterus. Gestation periods are much shorter in Lyciasalamandra (around 9 
months) with females giving birth to several juveniles. 
 
 
 
 
Figure1. Modes of reproduction in Salamandridae. Simplified phylogeny of 
Salamandridae based on mtDNA (modified from García-París et al. 2003 and Veith et 
al. 1998). “Newts” comprise 65 species of oviparous species. Modes of reproduction 
are plotted in the tree (white=oviparity; gray=ovoviviparity; black=viviparity). S. 
salamandra is an ovoviviparous species, but in some populations viviparity has 
evolved. 
 
 
3. VIVIPARITY IN S. SALAMANDRA 
 
The fire salamander S. salamandra is widely distributed in western Eurasia. 
Morphological patterns and life history traits are very variable in this species. 
The highest levels of variability are found in the Iberian Peninsula, where at 
least nine subspecies are currently recognized (5) (Fig. 2) (A re-examination 
of the subspecific taxonomy, including the recently described S. s. 
alfredschmidti is underway). One of the most striking features in S. 
salamandra is the polymorphism in modes of reproduction. Salamandra 
  
salamandra females, unlike most of the amphibians that present a 
characteristic biphasic life cycle, do not lay eggs. Instead, they release 16 to 
60 small larvae directly into ponds or streams. This mode of reproduction is 
referred to as ovoviviparity. Larvae will spend from one to several months in 
water, until they reach their terrestrial phase after metamorphosis. This 
pattern of reproduction is modified in the Northern Iberian populations of fire 
salamanders. Most populations included in the subspecies S. s. bernardezi 
and S. s. fastuosa, are viviparous (Fig. 2). Females give birth to a few (1-15) 
fully metamorphosed, terrestrial juveniles. The complete developmental 
cycle from fertilization to metamorphosis occurs, thus, within the female’s 
genital tract. During the first developmental stages, the nutrients from the 
egg yolk nourish the embryos. However, the embryos will soon hatch within 
the uterus, starting to feed actively on unfertilized or abortive eggs (i.e., 
oophagy), and on other siblings (adelphophagy) (6). The intrauterine 
cannibalistic behavior in S. salamandra is exclusive to this species among 
salamanders. 
 
 
 
Figure2. Distribution of S. salamandra subspecies in the Iberian Peninsula. 
Schematic representation of the distribution of the subspecies. Viviparity occurs in 
populations of S. s. bernardezi and S. s. fastuosa 
 
 
Intraspecific polymorphisms in reproductive modes are rather unusual 
among vertebrates. Furthermore, the fact that viviparous populations of S. 
salamandra occur within the continuous distribution range of the species 
provides us with an extraordinary and unique natural system to study the 
origin, maintenance, and evolution of reproductive strategies in 
salamanders. 
 
4. HIERARCHICAL APPROACH TO THE EVOLUTION OF VIVIPARITY IN 
S. SALAMANDRA 
 
4.1. Historical and phylogeographic approach. We performed a 
phylogeographic analysis (analysis of the variability of mitochondrial and 
nuclear genetics markers in a spatial context) to frame the evolution of 
  
viviparity with a historical and geographic background (7). We inferred a 
paleogeographic scenario that could explain the history of the populations of 
S. salamandra in the Iberian Peninsula. In this scenario, we hypothesized 
that several lineages of populations would have split during the late Pliocene 
or early Pleistocene. Viviparity would have evolved in one of these isolated 
lineages in the North of the Iberian Peninsula. During the Quaternary glacial-
interglacial cycles, populations would have expanded and contracted their 
ranges, leading eventually to the current distribution of the species. 
Mitochondrial markers reveal where these secondary contacts among the 
isolated lineages took place. Interestingly, viviparity is now present in three 
of these mitochondrial lineages. Furthermore, these lineages are genetically 
homogeneous from a nuclear perspective, suggesting that after the 
secondary contact, gene flow led to the admixture of nuclear gene pools, 
spreading viviparity across the three distinct mitochondrial lineages leading 
to the distribution observed nowadays. We are now refining this study to (i) 
analyze in further detail the historical demographic trends in both groups of 
populations (e.g., range expansions, populations bottlenecks), (ii) estimate 
the divergence times between groups of populations, relating these 
estimates to plausible paleogeographic scenarios, and (iii) study the 
population dynamics at fine spatial and temporal scales, especially at the 
contact zones between ovoviviparous and viviparous groups of population, 
to get a better understanding of the historical, demographic and population 
processes that occurred in the past, and occurring at present. 
 
4.2. Viviparity and development. The evolution of the different 
reproductive modes in amphibians is sometimes related to modifications 
during development of individuals (e.g., paedomorphosis, direct 
development). In a recent work (8), we analyzed this possibility in S. 
salamandra, comparing and characterizing the developmental sequences of 
embryos from ovoviviparous and viviparous females. We raised in vitro 
ovoviviparous and viviparous embryos, highlighting the main ontogenetic 
differences between them. We found that the evolution of viviparity in S. 
salamandra is related to changes in the timing of developmental events, that 
is, to heterochronic changes during development. First, the developmental 
program of viviparous embryos was accelerated compared to the 
development of the ovoviviparous con-specifics. Viviparous juveniles were 
fully formed after 90 days of in vitro development, while ovoviviparous 
individuals reached an aquatic larva morphology after 90 days of 
development; they need to spend from one to several months in water 
before they metamorphose. Second, hatching was pre-displaced in 
viviparous embryos; it occurred early in development, while in ovoviviparous 
embryos hatching occurs when females deliver the larvae in the water (or 
shortly before that event). Third, pre-displacement and acceleration of 
development characterized the cephalic and pharyngeal structures of the 
viviparous embryos. Most of these structures are related to feeding, and 
their precocious development enables the viviparous embryos to feed within 
the maternal genital tract (intrauterine cannibalism, including oophagy and 
adelphophagy). Development, thus, is modified in viviparous embryos and 
these modifications entail changes in the timing of developmental events 
(i.e., heterochronies). The evolution of viviparity in S. salamandra is related 
  
to heterochronic patterns during development, highlighting the importance of 
developmental processes in the evolution of reproductive modes in 
amphibians.  
 
4.3 Viviparity and modifications at the histological and cellular level. 
One of the most striking features of viviparity in the fire salamander is the 
intrauterine cannibalistic behavior exhibited by the embryos at early 
developmental stages. This behavior is favored by the heterochronic 
development of the structures related to feeding, such as the early 
development of jaws and cephalic structures, the early opening of the mouth 
and the stomodeum, and the early differentiation of the foregut. Thus far, we 
have analyzed such heterochronies at a morphological level. We are now 
performing more detailed histological studies, to reveal which structures 
(muscles, cartilages, bones) are actually modified in viviparous embryos and 
at which stages of development modifications occur. Interestingly enough, 
most of the modified structures identified so far have a common embryonic 
cellular origin: the neural crest cells. The Neural Crest Cells (NCC) arise in 
the lateral boundaries of the neural folds during neurulation. They migrate 
following specified pathways, and then differentiate to form the variety of cell 
types or tissues in which they are involved. We hypothesize that migration 
and differentiation of NCC in viviparous embryos might also be modified 
during the development of viviparous embryos. A similar pattern of early 
differentiation of the structures related to feeding is found in marsupials 
when compared to other mammals. It has been shown that the 
morphological heterochronic patterns are the consequences of the 
heterochronic migration of NCC during development: the neural crest 
populations that will inhabit the mandibular arch and frontonasal regions are 
particularly advanced relative to surrounding tissues. Another part of the 
project, thus, entails the analysis and characterization of the emergence and 
migration of neural crest cells in ovoviviparous and viviparous embryos by 
mean of cellular markers. These two approaches will reveal how viviparity is 
characterized at the histological and cellular level of organization, providing 
more clues on the origin and the evolutionary potential of the new 
reproductive strategy. 
 
4.4. Viviparity, genomics, and transcriptomics. New sequencing 
technologies are triggering the use of comparative genomics as a new tool 
in ecological and evolutionary studies. Some of the techniques (e.g., 
transcriptomics) may be applied to non-model organisms, for which genomic 
information is not yet available. Following this approach, we will analyze the 
patterns of gene expression in ovoviviparous and viviparous embryos at a 
variety of developmental stages, particularly during the initial lecitotrophic 
embryonic stages (yolk as the only source of nutrients) and once the 
viviparous embryos start their active feeding. We will also compare gene 
expression profiles of viviparous and non-viviparous females during different 
reproductive stages, selecting the oviducts as targets for the comparison. 
Although no differences have been found with histological techniques in the 
oviducts of ovoviviparous and viviparous pregnant females, we hypothesize 
that some differences in the patterns of gene expression may relate to the 
  
evolution of viviparity, differences that could be identified with such 
techniques. 
 
4.5 Viviparity, metamorphosis, phenotypic plasticity, and environment. 
It is well known, as well, that the environment may play an important role in 
determining alternative reproductive strategies in some amphibians (e.g., 
facultative paedomorphism in salamanders). The environment may also 
control different reproductive traits such as the length of the larval period 
and the size at metamorphosis; these traits are tightly related to the fitness 
of individuals. In another study, we analyzed the relative influence of the 
environment in generating phenotypic variability in reproductive traits in S. 
salamandra (9). We set up an experimental design to analyze the relative 
role of genes, maternal effects, and phenotypic plasticity during the 
development of larvae. We raised larvae from different ovoviviparous 
females in four distinct environments (define by two temperature sets and 
two different diets) to analyze the influence of two environmental factors, 
temperature and nutrients, on several metamorphic traits (time to 
metamorphosis, size and weight at metamorphosis, growth rates). Both 
parameters (nutrients and temperature) influenced the development of 
larvae, although the amount of phenotypic variability generated depended 
on the initial size of the larvae (a maternal effect) more than on the larval 
genotype. Among other things, we found that the developmental trajectories, 
the growth rates, and the phenotypic responses to the four experimental 
environments, were rather similar across families. There was no genetic 
variability on the phenotypic plasticity of the system, restricting then the 
evolutionary potential of the reaction norms.  
Ovoviviparous individuals experience three different environments 
during their life: the mother’s oviduct as embryos, aquatic environments as 
larvae, and terrestrial habitats as adults. The three environments and, thus, 
the selective pressures are very different at these three life stages. The 
basic experiment designed to account for the effects of temperature and 
nutrients of the developmental trajectories should be further expanded, to 
characterize the influence of different factors during the distinct life phases, 
and comparing the results to viviparous forms. For instance, the hormonal 
regime during the development of ovoviviparous and viviparous embryos is 
different and has not been precisely characterized. What is the influence of 
maternal hormones (e.g. progesterone) on the extended intra-oviductal 
development of viviparous embryos? Furthermore, what are in turn the 
physiological implications of viviparity for the females? 
 
5. FINAL REMARKS 
 
While studying the evolution of phenotypes and adaptations, there are 
essential questions to ask at every level of the biological organization. 
Evolutionary biology is a truly multidisciplinary science that benefits from the 
integration of knowledge from numerous research areas. Here, we have 
presented some research lines undertaken to analyze the evolution of 
viviparity in S. salamandra. We analyzed how viviparity is expressed at 
different organizational levels (genetic, cellular, histological, morphological) 
to understand the mechanisms that ‘generate’ the character at these 
  
different levels, and how the sorting and organization of variants across 
levels result in the evolution of the observed reproductive phenotype. This 
integrative approach will highlight the evolutionary potentials and restrictions 
of the system studied. 
This approach has now to be expanded in order to further compare 
the observations obtained thus far in a phylogenetic context. First, extending 
the approach to the other viviparous taxa will inform us about the 
organizational processes that have permitted the independent evolution of 
viviparity within the family. For example, we are now conducting a 
phylogenetic analysis of the developmental sequences of species within 
Salamandridae to explore if the same developmental events and structures 
are consistently modified in all the viviparous taxa. Related comparative 
analyses can also be performed across salamander families. In a world 
where generation and sorting of variants is the norm, similar solutions have 
repeatedly evolved to solve very different selective challenges. These 
similarities (homoplasies) are pervasive in some systems, such as the 
reproductive modes and morphological differentiation in salamanders (10). 
The comparative phylogenetic analysis of processes and elements across 
families could show that the same elements, processes or organizational 
levels are recurrently modified to give rise to the different reproductive 
modes and morphologies in Caudata. This would, in short, reveal how the 
organizational properties of natural systems are consequences, but also 
triggers, of evolution, enlightening the hierarchical and dynamic nature of the 
evolutionary process. 
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